Abstract The gas turbine engine internal air system provides cooling and sealing air to a series of critical subsystems and components such as high pressure gas turbine blades, as well as controlling the thrust load on the turbine and compressor spool assembly. Many potential variations for the internal air system are possible, depending on the requirement, expertise and command of intellectual property. Some subsystems, such as rim seals, pre-swirl systems, and rotating cavities have been the subject of extensive development and analysis leading to robust design solutions. Nevertheless there remains scope for further consideration of the overall system design, and this paper explores the use of a decision analysis tool called morphological analysis applied to the internal air system. Morphological analysis provides an effective means for tackling issues where there is uncertainty, as is the case with many design scenarios, including the internal air system, with some specific parameters and information not available until later in the design phase, after the key geometry has been defined. The problem space comprising seven principal parameters, and a cross consistency matrix which allows identification of compatible and incompatible states are presented.
Introduction
The design of many systems requires definition of a wide range of parameters in order to provide an indication of the requirements. This is certainly the case for the internal air system, for example, for gas turbine engines. This system is responsible for cooling and sealing safety critical components and controlling the thrust loads on bearings. A challenge for the engineering design team is that accurate information on some of the key parameters is not known at the start of a design phase, and this information may not be confirmed until many months or even years into the design cycle. A wide range of strategies can be employed to cope with this type of uncertainty such as specifying the general layout of the system, but leaving the definition of specific features that can be modified or refined once more accurate information is available. However this approach typically requires selection and commitment to a particular layout, which may not be optimal.
Decision making represents one of the most challenging activities in design. Ideally all parameters would be available, well defined and understood at an early stage in a process to enable commitment on a particular point, or path. As we all know too well, from everyday experience, such definitive information is usually difficult to obtain or comes late in any schedule or even after the project has been completed. Many schemes have been proposed in order to address the issue of decision making in the face of incomplete information and uncertainty. This paper uses the challenging scenario of the design of the internal air system, sometimes known as the secondary air system, of a gas turbine engine, in order to illustrate the application of a tool called generalized morphological analysis which assists in exploring design options where many parameters are uncertain.
An overview of design options for the internal air system for both industrial gas turbine engines, and jet engines and turbo-props is presented in Section 2. The theory underlying the application of morphological analysis to exploring a decision space is presented briefly in Section 3. The application of morphological analysis to the specific challenge of the design of the gas turbine engine internal air system is presented in Section 4.
Internal air system design options
Gas turbine engine performance is a function of pressure ratio and temperature ratio, as well as depending on the level of heat recovery. Temperature limitations for metal alloys, suited to the high stress and temperature conditions of modern gas turbine engines, has led to the use of ever higher pressure ratios as well as consideration and use of heat recovery based engine cycles. The high temperature of operation in a gas turbine engine limits the type of material that can be used and the length of time a component can be used. In order to maintain acceptable temperatures, cooling and sealing air can be used to directly cool components or to limit the exposure of a component to a hot gas stream. In addition pressure on a surface is used to reduce imbalance on a bearing system as a result of the differential pressure on turbine and compressor components. A wide range of configurations for the internal air system of gas turbine engines have been developed and implemented over the 80 years of gas turbine engine technology. In the case of a high by-pass ratio aero-engine, the principal areas for consideration for an internal air system design include pressure balancing of the front fan, sealing and cooling of bearings, extraction of air from the compressor, managing windage in the wheelspace formed between compressor discs, transferring air for cooling of turbine components, supply of cooling air to combustor components, supply of cooling air to turbine blade roots and managing the ingress of air through the gaps between rotating and stationary turbine discs.
A typical geometrical feature found in gas turbine engines is the wheelspace cavity formed between corotating discs. This may have a shroud at the outer periphery, disc cobs at the inner radius, and a net through flow enabled by means of holes in the outer shroud. Another generic configuration is the stator well formed by a recess in a compressor or turbine drum assembly in order to accommodate a shroud on the inner radius of compressor stator blades or the nozzle guide vanes in a turbine. A further configuration is the rim seal formed at the outer periphery between two coaxial discs, one that is stationary, the other rotating. Many configuration options are available for each of these [1] identified 576 basic options for rim seal configurations alone, just considering hade, relative location of the rim seal to the rotor, seal type, addition of an inner seal, supply of cooling air pressure gradient, inner drive arm and contra-rotation ( Figure 1 , see also [2, 3] ). Options for rotating cavities include closed, open with and without throughflow, net radial inflow and outflow, inclusion of a co or contra rotating shaft at the inner radius and multiple cavities, with and without throughflow, with and without an inner co or contra-rotating shaft (Figure 2 , e.g. see [4] [5] [6] ). Further configurations are possible with L and T shaped cavities common in, for example, steam turbines. These examples provide an indication of the scope of variations and options available to the designer at the design stage.
The decision about a particular configuration to adopt or consider is not arbitrary. Instead this is typically determined by the pressure ratio required for the engine and turbine entry temperature. These and the associated stage loading dictate the numbers of rows of blades and their form, which in turn defines the radial dimensions of the discs to support rotor blades and their pitch. These dimensions form the envelope within which the internal air system must operate. The target temperature of operation of the blades represents a key defining parameter for the internal air system, as this provides an indication of the cooling requirement for various components. Prior experience of similar engine Nomenclature MA morphological analysis types is useful for informing the validation of modelling tools and scaling. The application will have implications for the scope of design options for an internal air system. In a gas turbine engine for a combined cycle application where very high efficiency and long service life is important, and the total mass is not a limiting factor, then a wide range of technologies may be up for consideration, such as active clearance control (e.g. see [7, 8] ), in the implementation of an internal air system. In the case of an aero-engine application, mass tends to be critical and low mass configurations preferred. Significant know how and intellectual property has been developed around specific designs for certain sub-systems for the internal air system, such the use of pre-swirl cooling in the delivery of cooling air from a static member or disc to a rotating system. This air is typically ducted to the base of turbine blades for film cooling purposes. Experience within a design team, and the need to use technology with specific intellectual property, or to avoid specific intellectual property, may direct attention towards a specific standard solution such as cover-plate design or a particular pre-swirl tube arrangement. These sub-systems have as a result been the subject of extensive analysis, research and optimisation studies, resulting in mature reliable designs.
A further consideration of particular relevance to safety critical applications such as jet engines and power generation is the need for robust reliability. The experience of an engine failure on the Spirit of Australia bought the importance of robust reliability to the fore within the industry again. Reliability has consistently been an important criteria in the design the internal air system, and modern analysis methods mean that a wide range of parameters can be explored in order to check whether a particular design proposition is robust. The paper by Montomoli et al. [9] provides an indication of the current state of the art in order to avoid black swan events for this type of technology.
Morphological analysis
The early stages of the design process inherently contain uncertainties which are unresolved and unstructured. To address such uncertainties problem structuring methods (PSMs), such as Morphological Analysis (MA) can be introduced to help shape and identify possible paths for designers particularly in the area of concept and idea generation. Generating potential workable solutions from multiparameter problem spaces using a morphological matrix was pioneered by the Swiss astrophysics professor Fritz Zwicky (1898-1974) (see [10] ), whilst at the California Institute of Technology over 70 years ago. Zwicky, and later Ayres [11] , initially applied morphological analysis to explore potential technological breakthroughs for engineering design purposes.
Morphological Analysis is particularly useful in handling complex, yet often non-quantifiable variables compounded by high levels of uncertainty in a structured environment. As a "soft" modelling process it complements "hard" modelling, the latter losing its efficacy when faced with high levels of uncertainty which are difficult to quantify. Nonetheless MA applies the basic scientific method of Using morphological analysis to tackle uncertainty at the design phase for a safety critical applicationgoing through cycles of analysis and synthesis and parameterising a problem space [12] . By defining structured variables a dynamic model can be built where variables are linked allowing for "what-if" assertions to be made. However a key output of using MA is that it can help discover new relationships or configurations, which might be overlooked by other, less structured, methods. An even greater characteristic is that it encourages the inclusion of boundary conditions embracing the limits and extremes of different contexts and problem variables. Zwicky himself referred to this feature of the method as being "totality research". In a morphological model, there is no pre-defined driver or independent variable. Any parameter, or set of parameters or discrete states within a parameter -can be designated as a driver. And it is this ability to define any combination of conditions as an input or output that gives morphological models such flexibility. This "what if" functionality makes MA an extremely powerful tool, and when combined with computerisation, allows researchers to explore viable alternatives in real time.
Indeed it has been the introduction of software to support the filtering of the very large numbers of configurations produced by the problem space matrix, that has overcome one of the main barriers to the practical application of GMA, namely: "how can one analyse the large number configurations produced by the model"? Such software addresses this conundrum by the process of pair-wise analysis or Cross Consistency Assessment (CCA) (see [12, 13] ).
This allows the user to identify whether a pair of states or dimensions derived from the problem space matrix is compatible (internally consistent) or not. If a paired cell is deemed to be inconsistent, then that particular cell eliminates all strings of parameter-based states where that cell appears. In this way the software-enabled cross consistency analysis based on interrogating paired cells, can dramatically reduce the total number of original configurations present in the original problem space -with reductions of 95% and over very common. The remaining configurations, identified as having all their parameter states internally consistent, are compiled by the software to provide a solution space matrix.
The solution space matrix now provides a platform for the user/designer to examine in real-time all those configurations deemed to be workable. The much reduced list of configuration scenes can help the user to analyse interesting and viable outcomes. This refining of the number of workable solutions provides improved screening for technology designers involved in ideation.
MA supports the designer at both the macro and micro level. At the micro level it helps to organise alternative solutions for each function of a system. In macro terms each of these can then be combined to generate a large number of solution variants within a broader system whereby each can potentially satisfy the system-level design need.
In the next section we demonstrate how MA can be applied to the exploration of alternative solutions in relation to possible new variants of internal air system for gas turbine engines.
Application of morphological analysis to internal air system design
The seeking out of potential new design variants for gas turbine internal air systems is particularly open to the use of MA. As part of the process of exploring an idea space, a focus question is helpful in order to ensure that thinking is framed at achieving an objective and to specifically identify the problem facing the designer. In this case best in class was used and the focus question relating to the design problem was formulated, as follows:
"What factors do we need to consider to produce the best internal air system for a Gas Turbine engine?" Albeit a broad ranging question it did allow nonetheless the participants to identify the key parameters to be included in developing a problem space, as shown in Table 1 . This process itself is a valuable exercise. Significant reliance on previous experience and research, for example accessing research programmes and team members and exploring published material (e.g. [14, 15] ) can be made in defining the parameters for inclusion.
The problem space consists of seven main parameters. Once the states within each parameter were identified, the total number of possible configurations totaled 24000 in this case. Using software this problem space was transformed into a cross-impact schedule entitled a Cross Consistency matrix so that the pair-wise analysis of each cell could be carried out to determine whether the paired items were contradictory or not. Part of this matrix is shown in Table 2 .
By carrying out these three processes the initial problem space for the internal air system was indeed reduced by well over 83% on compilation with the software. Further Table 1 Problem space for a gas turbine engine internal air system. reduction exercises using the concept of Morphological Distance [11] can be applied to the remaining options into three core sets. These sets of configurations consist of those which are deemed to be current state of the art, (Occupied Territory), and where minimal innovation is likely to occur. Secondly the Perimeter Zone, where viable configurations differ in a number of states from those in the Occupied Territory, and reflect some level of innovation and finally Terra Incognita. These configurations differ from the current state across several parameter states. Given the distance from solutions in the Occupied Territory, Terra Incognita solutions are likely to be truly creative.
The application of cross consistency to the internal air system problem space clearly identifies incompatible states, reducing the problem space and providing the user with a reduced problem set of potential scenarios to explore. The number of solutions here remained large, ca. a few thousand, but this is substantially less that the initial problem space of and represents a tractable quantity for exploration. By exploring the option scenarios presented a design team will be able to reduce the problem space further if they decide that use of particular combinations of technology is undesirable due to expertise, intellectual property restrictions and specific perceived or actual functional attributes. In this case selections have been illustrated such that the options for exploration can readily reduce to about ten as shown in Tables 3 and 4 .
In summary the application of morphological concepts can greatly assist designers in identifying new yet viable solutions to complex technology problems.
Conclusions
Options for the design of the internal air system for a gas turbine engine are extensive. The technology has developed to a mature state with substantial knowledge and expertise available for various options of the currently defined and common subsystems such as rim seals, rotating cavities and pre-swirl systems along with their interactions with each other and the primary blade path flow. In general at the initial design stage for many systems, information about critical parameters necessary to perform detailed design analysis and enable decision making may not be available with confidence. This scenario is common in engineering and design, and has historically been overcome by means of reliance of methods such as scaling of previous designs, and use of analysis. Problem structuring methods such as morphological analysis can be applied to such scenarios in order to shape and identity possible paths for designers to explore. The method is particularly well suited to scenarios which contain uncertainties which are unresolved and unstructured. Above all it provides a structured process to filter those possible yet viable solutions warranting further investigation.
A problem space for the internal air system of a gas turbine engine has been developed, presented here with seven principal parameters, although more could readily be added. The resulting problem space can be large and if complemented with additional practical considerations can result in over a million potential option combinations. Application of cross consistency to the problem space can be used to identify incompatibilities and reduced the problem for the team concerned by over 80% representing a tractable space for exploration, enabling ready consideration of new and viable solution combinations for this complex technological system. Table 3 Morphological analysis example output for a gas turbine internal air system configuration. The red cells indicate user preferences and the blue cells represent compatible options. Table 4 Morphological analysis example output for a gas turbine internal air system configuration. The red cells indicate user preferences and the blue cells represent compatible options.
